The general theory of dark solitons relies on repulsive interactions and therefore predicts the impossibility to form dark-soliton bound states. One important exception to this prediction is the observation of bound solitons in non-local nonlinear media [1] . Here, we report that exciton-polariton superfluids can also sustain dark-soliton molecules although the interactions are fully local. With a novel all optical technique, we create two dark solitons and bind them to each other to form an unconventional dark-soliton molecule. We demonstrate that the stability of this structure and the separation distance between two dark-solitons is tightly connected to the driven-dissipative nature of the polariton fluid.
I. INTRODUCTION
In semiconductor microcavities, the strong coupling between quantum well excitons and cavity photons gives rise to two quasi-particles with distinct energies: the upper and lower polaritons. They combine properties from light and matter, which makes them behave like weakly interacting composite bosons. Their photonic part gives them a light effective mass and the possibility to be excited and detected optically, while their excitonic part is responsible for their interactions. Exciton-polaritons have revealed themselves to be an interesting platform to investigate bidimensional bosonic quantum fluids. Indeed, several effects have been observed in such systems: nonequilibium phase transition similar to Bose-Einstein Condensation [2] [3] [4] , superfluidity [5] , or the Josephson effect [6, 7] .
Phenomena linked to the hydrodynamics of quantum fluid were also reported, as the nucleation of quantized vortices [8] [9] [10] [11] [12] or the formation of dark solitons [13, 14] . These solitons are stable collective excitations resulting from the balance between the diffraction and the fluid repulsive interactions. They are characterized by a density dip coinciding with a phase jump, while their shape is maintained all along their propagation. They were observed in several nonlinear systems, such as cold atoms condensates [15, 16] , thin magnetic films [17, 18] , liquid Helium [19] or optical fibers [20] . Their interactions were also studied in different systems [21, 22] . Differently from bright solitons which may attract and form molecules, dark solitons interactions are predicted to always be repulsive so that bound states of dark solitons cannot form in nonlinear local media [23] [24] [25] . Interestingly, in nonlinear media with non-local interactions such attractive behaviour between dark solitons has been predicted [26, 27] and experimentally observed in a thermo-optic medium [1] . * anne.maitre@lkb.upmc.fr
In this manuscript, we present experimental and numerical results in striking contrast with these predictions We demonstrate the all-optical creation and binding of dark solitons, forming a dark soliton-molecule [28] in a purely local media. This unconventional behavior for dark solitons, which strongly deviates from equilibrium atomic quantum fluids, is attributed to the drivendissipative nature of polariton quantum fluid, and we show that the specific equilibrium separation distance between the bound solitons is a direct consequence of the finite polariton lifetime.
II. BISTABILITY ENHANCEMENT OF POLARITON FREE PROPAGATION
The resonant pumping of exciton-polaritons consists in injecting photons into the system at a specific energy and in-plane wavevector of the lower polariton branch. At high driving intensity, it results in the creation of a polariton fluid whose phase coincides with the pump one. In this strongly driven regime, superfluid effects can be studied, like viscus-free flow [5] . However, the presence of the driving field prevents the free evolution of the fluid properties [10] . To overcome this constraint, spatial or temporal engineering of the excitation beam has been used, leading to the observation of quantized vortices or dark solitons pairs [8] [9] [10] [11] [12] [13] in the driving-free region, but with a propagation distance limited by the short lifetime of the polaritons.
The introduction of a small positive energy detuning between the driving field and the lower polariton branch induces an optical bistability [29] , offering two stable states for the system (figure 1a): a linear regime with a low polariton density and negligible interactions between particles, while the high density regime presents strong interactions and corresponds to the superfluid regime [30] . The system exhibits a hysteresis cycle, i.e. a range of input intensities where the two states are accessible, called the bistable regime in the following and highlighted in white in figure 1a.
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Recently, a theoretical proposal by Pigeon et al. [31] suggested to exploit the optical bistability to compensate the system losses without inhibiting the fluid spontaneous dynamic. Supporting the fluid with an intensity within the bistable regime releases the constraint imposed by the quasi-resonant driving field and makes possible the spontaneous formation of turbulence sustained for macroscopic propagation distances [32] .
The typical technique to generate fluid turbulence, vortices and solitons in exciton-polaritons systems is to send the fluid towards an obstacle [8] [9] [10] 13] , but this configuration constrains the study of these excitations to conditions where they can form spontaneously. To overcome this limitation, we present here an original method where the solitons are directly imprinted with the use of a Spatial Light Modulator (SLM). Combining beam shaping techniques for direct imprinting and the bistable support mechanism [31] for long propagation length, we report the controlled generation of dark soliton bound states and their free propagation over macroscopic distances.
III. EXPERIMENTAL SETUP
The sample used in the present work is a planar microcavity which contains three In 0.04 Ga 0.96 As quantum wells at the antinodes of the cavity electromagnetic field. The GaAs cavity has a length of 2λ/n c , with λ = 835 nm the excitonic resonance and n c = 3.54 the cavity GaAs substrate optical index ; the two Bragg mirrors consist of 21 and 24 GaAs-AlAs pairs. The polariton lifetime is extracted from time resolved measurements to be 10 ps while the Rabi splitting is 5.1 meV and the linewidth 0.07 meV.
The polariton fluid is obtained by quasi-resonant pumping using a continuous wave single-mode Ti-Sapphire laser at a frequency slightly blue detuned from the lower polariton branch resonance (typically an energy detuning ∆E = 0.20 meV).
In order to imprint a particular phase profile on the fluid, one needs to excite the system above the bistability regime to fix the polariton phase properties to the pump ones. On the other hand, a free propagation of collective excitations requires a bistable fluid, in which the phase is free to evolve. Therefore, the implementation of such imprinting mechanism requires an intensity gradient, providing a region of high intensity where the phase pattern is imprinted into the fluid, and a region of lower intensity, bistable, where the driving phase is flat and where the imprinted modulations are able to propagate freely.
This configuration is reached by using the gaussian shape of the exciting beam (see figure 1d ). By adjusting the intensity of the pump, the central part of the illuminated area is placed above the bistability limit, i.e. in the red part of figure 1a, imprinting its phase to the fluid. The region where the local pump intensity is above the bistability cycle is delimited by the white dashed line: outside this region, the pump has a lower intensity and induces a bistable fluid, whose phase is free to evolve. The detection field of view (black rectangle) is placed in order to observe the propagation of the imprinted excitation. The exciting beam on the sample has a vertical dimension of 400 microns, which induces an intensity difference of more than 10 % between the center of the spot and the region 150 µm above it.
IV. ALL OPTICAL IMPRINTING OF PARALLEL DARK SOLITONS
The phase pattern (figure 1b) is imprinted on the pump beam using a SLM, whose surface is imaged onto the sample. This allows for a direct control of its shape and position, so that it can be placed at the limit of the bistable regime of the fluid. We design a rectangular shape where the phase is π -shifted with respect to the outer beam (figure 1b). A spatial filtering is realized in the Fourier plan before imaging the SLM plan onto the sample: high spatial frequencies components are cut in the direction of the flow in order to smooth the orthogonal phase jump at the end of the phase pattern. The cutoff directly influences the shape of the top part of the solitons imprinted on the fluid, as a smoothing of the phase modulation induces an elongation of the solitons, illustrated in inset c of figure 1. When the slit is fully opened, the phase jump along the direction of the flow is sharp, leading to a pair of imprinted solitons closing on a short distance. However, when the slit is reduced, the imprinted solitons extend along the flow, gradually approaching to each other. Such filtering reduces their respective lateral velocity and favors their parallel propagation.
To be sustained by the fluid, the solitons need supersonic conditions [13, 33] the filtering of the vertical spatial components is gradually increased. The solitons start to propagate, but their respective lateral velocity remain too high and they bounce on each other, vanishing along their propagation. On (e), the spatial components are filtered enough so that they can align and propagate parallel, remaining dark solitons. For this set, the detuning between the laser and the lower polariton branch ∆E is 0.11 meV, the flow speed is v f = 0.67 µm/ps, the speed of sound cs = 0.42 µm/ps and the effective polariton mass m * = 1.04 · 10 −34 kg bistability cycle, where the phase is fixed by the driving field. In figure 2a, we use a high laser intensity so that the main part of the pumped region reproduces the pump pattern: the density and phase modulation are indeed only visible in the bottom part of the picture. The interferograms are obtained using homodyne interferometry with a reference beam, extracted from the pump beam before any shaping through the SLM. The interference images are then Fourier filtered to enhance the phase pattern. The high power images ( fig. 2a ) are used as a reference to locate the position of the imprinted solitons. Lowering gradually the intensity of the driving field, the bistable region of the fluid expands from the edge of the locked area towards the center of the driving beam, eventually reaching the imprinted solitons. The phase of the fluid then spontaneously readjusts to let the soliton pair propagate with the flow (figure 2b) , despite the phase mismatch with the driving field. We can observe that the solitons remain dark with a phase jump of π and parallel, as long as they are sustained by the fluid. As they propagate on the outer part of the excitation spot, the intensity of the pump is slowly decreasing until it reaches the threshold of the lower part of the bistability loop ; the fluid then jumps to the low density regime where no solitons can be sustained anymore.
V. DARK-SOLITON BOUND STATES
The parallel propagation of the solitons assures them to stay dark and to maintain their phase jump. However, this configuration is not exclusive: one can find some situations where the solitons reflect on each other, leading them to open and vanish along their propagation (see figure 3). In that case they become grey solitons, as their phase jump is not π anymore, and can be described as Bloch domain walls. In particular, a sensitive parameter is the spatial filtering of the orthogonal phase jump described previously, as shown in figure 3 . The opening of the slit in the Fourier space of the SLM directly influences the shape of the solitons on the fluid: on figure 3a , the slit is open and the orthogonal phase jump is well defined when entering the cavity ; it only blurs on the fluid because of the flow. In this case, the solitons do not propagate in the bistable region. From figure 3b to figure 3d , the slit is gradually closed, leading to a higher spatial filtering and a longer propagation of the solitons. Yet, their respective lateral velocity is still too high for them to align: they bounce on each other, reflect, and vanish along their propagation. They reflect with the same angle with which they meet, respectively 25 • , 17 • and 13 • for figure 3b, 3c and 3d. Finally, in figure 3e, they meet with an even smaller angle (11 • ) and align, propagating parallel for a hundred microns. The pictures of figure 3 correspond to a fluid velocity v f = 0.67 µm/ps, a speed of sound c s = 0.42 µm/ps, an effective polariton mass m * = 1.04 · 10 −34 kg and an energy detuning ∆E = 0.11 meV. The flow is from bottom to top and the imprinting is done in the red region.
In order to see the effect of the soliton-soliton interactions, we tune the imprinted separation distance and we observe that the freely propagating solitons tend to get closer to one another, before aligning at a specific distance, independently of the initial one. Figure 4a shows a set of measurements where the distance between the imprinted solitons vary: from 24 µm for figure 4a(i) to 15 µm for figure 4a(v). The fluid flow is still from bottom to top and the solitons imprinted in the red highlighted region. The fluid velocity is 1.05 µm/ps, c s = 0.60 µm/ps, the effective polariton mass of m * = 8.18 · 10 −35 kg and the energy detuning ∆E = 0.31 meV. Along their propagation, they get closer to one another, until reaching an equilibrium separation distance at which they align and propagate parallel for more than 50 µm. It is remarkable that the phase jump along the solitons line remains close to its imprinted value π.
Simulations based on a split-step method considering exciton-cavity photon basis [10] are presented in panel b of figure 4 . The driving profile corresponds to a large Gaussian beam centered on the lower part of the image. It creates a slightly decreasing driving intensity from bottom to top. In the high intensity region (in red in figure  4 ) a π phase jump is imprinted and the effect of the slit is reproduced smoothing the orthogonal phase jump, accordingly to the experiment. The density and inter- ferogram patterns presented correspond to steady state solutions. They reproduce accurately the experimental results, with an alignment of the solitons at a specific distance independently of their initial ones.
This convergence to an equilibrium configuration is analysed in figure 5a . We show how the distance between the solitons evolves along their propagation, for different initial separation distances, identified by the different color lines. After a transition region where the solitons get closer to one another, they all reach the same value, of d sep = 4.8 µm in this case. The separation distances are extracted from the images by fitting the transverse solitons profile, plotted in the inset of figure 5 : [34] , where A corresponds to the full width at half maximum of the solitons.
VI. DRIVEN-DISSIPATIVE STABILISATION OF DARK-SOLITON MOLECULES
This parallel alignment is in striking contrast with the conventional behavior of dark solitons. Far from repelling each other as expected [15] and observed [13] , in the present situation they get closer to one another before reaching an equilibrium position.
In the region where the solitons propagate freely, the fluid between the solitons is out of phase with respect to the driving field. Consequently, the region of space remains effectively un-pumped, and is only populated by tunneling through the solitons. A strong gradient of density is thus imposed across the solitons, between the outer region in phase with the driving and the out-of-phase inner region. The resulting pressure pushes the solitons toward each other, reducing the region in opposition of phase with the driving, until they feel the standard repulsion between them. For well-adjusted parameters, the solitons do not annihilate each other and propagate, at the fixed distance where the driving pressure and their repulsive interaction equilibrate.
The parallel alignment of the solitons is very sensitive to the hydrodynamic conditions ; the experiment was therefore reproduced in order to compare the equilibrium separation distances with the characteristic length of the system, the healing length ξ = 2m * ∆E . The effective mass of the polaritons m * depends on the detuning between the bare exciton energy and the cavity photon one : it can be tuned experimentally by changing the working point on the sample, since it has a small wedge between the two Bragg mirrors. As for the detuning ∆E between the laser and the lower polariton branch, the direct tuning is more difficult: it induces a change of the bistability cycle and therefore perturbs the alignment of the solitons. This can be compensated by changing the librium separation distance of the solitons, no matter the considered experimental conditions.
As previously explained, experimentally those parameters can hardly be studied independently, however numerically they can be separately tuned. Figure 5c presents the calculated separation distance of the soliton pairs as a function of the Mach number. On the contrary to the experimental results presented above, in the simulations, only the detuning between the pump and the lower polariton branch ∆E is changed ; the effective mass and the speed of the fluid are kept constant (v f = 1.8 µm/ps and m * = 8.18 · 10 −35 kg). The range of authorized Mach number is therefore smaller than the one observed in the experiments. However, we clearly see that the separation distance is mostly unaffected by the change. The error bars come from the small breathing of the soliton pair, similar to what was predicted in Ref. [27, 35] . Such effects are too small to be accurately resolved experimentally in the present conditions. From figures 5b and 5c, we can conclude that the separation distance is independent of the fluid hydrodynamics properties.
If the separation distance is disconnected to the fluid properties, only remains the driven-dissipative nature of the fluid. In order to better understand which parameters control the equilibrium distance, we numerically investigate the influence of the decay rate of the polaritons γ polariton , plotted in figure 6. It shows that the lifetime of the polariton plays a central role in the equilibrium of the solitons: the more dissipation, the closer the solitons align to each other. In the simulations, the speed of sound c s and the speed of the fluid v f are kept con-stant and correspond to the typical experimental ones, only the polariton decay rate changes. The refilling of the inner region through the polariton tunneling across the soliton is also kept constant. Hence, the achievable polariton population in-between the solitons decreases as the polariton decay rate increases ; the equilibrium between the density pressure and the soliton repulsion takes therefore place for a smaller separation distance. In figure 6, the error bars also result from the small breathing, responsible for small oscillations of the solitons in the propagation range where the separation distance is averaged. For our sample, the polariton lifetime is 10 ps, which corresponds to a linewidth of 0.07 meV. In figure 6 , the blue dot illustrates the experimental result and conditions, i.e. the average equilibrium separation distance for the decay rate of our microcavity, in good agreement with the theory.
VII. CONCLUSION
In conclusion, we implemented a new technique to imprint phase patterns on a quasi-resonantly pumped polariton fluid by engineering the driving field with an SLM. By imprinting the solitons and exploiting the optical bistability, we enhanced their propagation distance for more than one order of magnitude with respect to the previous works. This technique permits not only to artificially form dark solitons at will, but also to study the solitons interaction: remarkably we have observed an unconventional binding mechanism, leading to the formation of a new kind of dark-soliton molecule in a local nonlinear medium. Moreover we demonstrated that the characteristic separation distance between the solitons of the molecule is governed by the driven-dissipative nature of the polariton fluid. This result opens unprecedented possibilities to control and manipulate collective excitations such as solitons and quantum vortices in quantum fluids of light.
